We initially constructed a peptide in which the first 29 residues of GCN4-pI Q I were fused to the last 17 residues of N36 (there is a 1 residue overlap between the two regions, making the peptide 45 residues long). This peptide did not form a specific trimeric species as determined by sedimentation equilibrium experiments, but instead formed higher-order aggregates (D. M. E. and P. S. K., unpublished results). We therefore made three surface residue mutations, which were expected to increase solubility, in the GCN4-pI Q I region of the molecule (Figure 2A) . The resulting peptide, IQN17, is fully helical, as demonstrated by circular dichroism spectroscopy ( Figure 2B ), and is a soluble trimeric species as determined by sedimentation equilibrium experiments (Figure 2C ).
Mirror-Image Phage Display
D-peptides that bind to a target protein of interest can be identified through mirror-image phage display ( Figure  3A ; Schumacher et al., 1996) . The desired target is synthesized chemically with D-amino acids, resulting in a product that is the mirror image of the naturally occurring (L-amino acid) form. This D-target is then used to screen phage expressing a peptide library on one of the phage coat proteins, yielding specific phage clones with L-peptide sequences that bind to the D-target. The mirror images of the phage-expressed L-peptide sequences are chemically synthesized with D-amino acids. By symmetry, these D-peptides should bind to the natural (L-amino acid) form of the target. This technique has been used to identify D-peptides that bind to the SH3 domain of c-Src (Schumacher et al., 1996) . By using IQN17 in mir- vided a trypsin recognition site, so that bound phage IQN17 is a discrete trimer under these conditions. could be eluted by addition of trypsin, rather than by a (C) D-peptide sequences. Peptides corresponding to the mirror images of the peptides expressed on pocket-specific phage were synthesized with D-amino acids. Four conserved residues among the ten positions that were randomly encoded in the phage library, as well as two Cys residues that form an intramolecular disulfide bond to generate a cyclic peptide, define a consensus sequence. Flanking residues from the gene III phage protein were added at the N termini (GA) and C termini (AA) to more closely represent the phage-displayed peptides. In addition, lysine residues were added at the N termini of some peptides to increase solubility (peptides with two or four additional lysines are denoted with the suffixes Ϫ2K or Ϫ4K, respectively; see text). The termini of all peptides were blocked (Ac, acetyl; NH 2 , amide).
nonspecific elution procedure such as acid addition (cf. of panning, 12 IQN17-specific phage were identified and labeled φ10-p1 through φ10-p12 (see Experimental Wrighton et al., 1996) .
Phage that bind to D-IQN17 might bind to any region Procedures). Nine of the 12 phage clones are pocketspecific binders, with some showing over 1000-fold of this target. Our interest was to identify those phage that bind only to the gp41 pocket region. Phage that more binding to D-IQN17 than to the controls ( Figure 3B ). In addition, eight of these nine contain the consensus bound specifically to D-IQN17 (i.e., not to wells that lacked the target) were therefore further tested against sequence CXXXXXEWXWLC ( Figure 3C ). a panel of molecules lacking the target pocket structure ( Figure 3B The structure of the complex was solved by multiwavelength anomalous dispersion (MAD) analysis (for review, Hendrickson, 1991) of an osmium derivative. The final structure was refined against data to 1.5 Å from a native crystal to a crystallographic R factor of 21.4% with an (Trp-10, Trp-12, and Leu-13) or invariant from the original flanking phage sequence (Gly-1, Ala-2, and Ala-16). The R free of 24.5% (Table 1) As anticipated from our binding studies ( Figure 3B ), lecular hydrogen bond (Gln-577 N ⑀2 -Glu-9 O; 3.1 Å ) with less ideal geometry. It is not apparent why Glu-9 is D10-p1 is bound only to the gp41 region of IQN17 (Figures 5A and 5B). A disulfide bond in D10-p1 between absolutely conserved ( Figure 3C ), although its side chain carboxylate does bend back to accept a hydrogen bond Cys-3 and Cys-14 results in a somewhat circular overall structure. Two segments of this D-peptide, Ala-2 to Ala-5, from its own backbone amide (2.7 Å ), and both of its methylene groups contact the ␦ 1 -methyl of Leu-581. and Ala-11 to Ala-16, form short left-handed ␣ helices, and the residues between these two segments form a
The We conclude that in the majority of these IQN17 comorally bioavailable small molecules are more desirable. Small molecules that bind to the hydrophobic pocket of plexes (i.e., D10-p1-2K, D10-p3-2K, D10-p4, D10-p6 the availability of a high-resolution cocrystal structure
For the first round, the phage were incubated in the wells for 24 hr, and in the seventh round, they were incubated for 12 hr. After enables rational drug development approaches.
incubation, the phage solution was removed, and the wells were recognition site. Similarly, D-GCN4-pI Q IЈ and D-IQN17(G572W) were synthesized with biotinylated N termini and Gly-Lys-Gly linkers. washed with TBS/Tween to remove the unbound phage. In the first round, the wells were washed six times with no incubation. In follow-D-peptides corresponding to the mirror images of the phagedisplayed sequences that bound D-IQN17 were synthesized with ing rounds, the wells were washed twelve times; the odd-numbered washes were performed quickly, with no incubation time; eventwo flanking residues on each end. These residues (GA at the N terminus and AA at the C terminus) correspond to the mirror images numbered washes were incubated for increasing amounts of time each round of phage selection (round 2, no incubation; round 3, 3 of phage-encoded sequences that flank the expressed peptide sequences. In addition, in order to improve water solubility for the min; round 4, 5 min; round 5, 7 min; round 6, 10 min, round 7, 12 min). In the first round, phage were eluted by acid elution (0.1 N HCl membrane fusion inhibition studies and NMR studies, multiple D-Lys residues were added at the N termini of the D-peptides. Peptide [pH 2.2], and 1 mg/ml BSA were added to the wells and incubated for 15 min at 4ЊC). In all subsequent rounds, the phage were eluted variants with two N-terminal lysines are denoted with the suffix "-2K," and peptides with four N-terminal lysines are denoted with by the addition of 2 g of trypsin (Sigma, T-8658) in 100 l of phagebinding buffer and 2.5 mM CaCl 2 with 1 hr incubation at 37ЊC. To "-4K." After cleavage from the resin, peptides were desalted on a Sephadetermine recovery, a dilution of the eluted phage was used to infect K91-kan cells. After a 1 hr incubation, 100 l of cells was removed dex G-25 column (Pharmacia) in 5% acetic acid, purified by reversephase high-performance liquid chromatography (Waters, Inc.) on a and 1:10, 1:100, and 1:1000 dilutions in LB were plated on LB/ tetracycline plates. Phage recovery was determined as a ratio of Vydac C18 preparative column, using a water-acetonitrile gradient in the presence of 0.1% trifluoroacetic acid, and lyophilized. D-peptides transducing units recovered (the titer of the eluted phage) to the input number of transducing units (the titer of the phage stock used were also air oxidized by dissolving the lyophilized powder in 20 mM Tris (pH 8.2) and stirring at room temperature for several days. that round). Nonspecific phage recovery generally has a ratio in the order of magnitude of 10 Ϫ8 to 10 Ϫ9 , whereas specifically amplified Oxidized peptides were then HPLC purified again. The expected molecular weights of all peptides were verified using MALDI-TOF phage have a ratio of 10 Ϫ7 or greater. Individual clones were amplified and sequenced. mass spectrometry (PerSeptive Biosystems). φ10-p7 was identified after five rounds, and φ10-p1, φ10-p3, φ10-p4, φ10-p5 , and φ10-p6 after seven rounds of phage selection. 
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